The upgrade of the CMS hadron calorimeter with silicon cards.
upgrade of the CMS HB and HE detectors aims to keep detector performance high by updating 23 the photosensors and readout electronics rather than replacing the scintillator tiles themselves. The 24 photosensors chosen for the upgraded system are silicon photomultipliers (SiPMs), and this will be 25 the first large installation of SiPMs in a radiation environment. The installation of the upgraded 26 HE system is planned for winter 2016-2017, whereas the HB system will be installed during the 27 second long shutdown (LS2) of the LHC during 2019.
28
This paper discusses the upgrade of the HB and HE detectors with SiPMs, starting from a more 29 in-depth discussion of the motivation for the Phase-I upgrade in section 2. This is followed by a 30 description of the overall readout chain in section 3, a detailed discussion of the SiPMs with their 31 control electronics in section 4, and a description of the front-end readout card in section 5. Full 32 system test results are briefly reported in section 6 before finishing with a summary in section 7.
33
2 Motivation for the Phase-I upgrade 1 Radiation damage to the HCAL scintillator tiles is the main motivation for the Phase-I upgrade 2 of the HB and HE detector readout. The full Phase-I upgrade was envisioned to be put in place 3 during LS2, before the radiation damage became too large. However, the incurred radiation damage 4 during the past running periods of the LHC has been higher than originally expected, resulting in an 5 increased signal loss, in particular for the most forward regions. As a result, the decision was made 6 to advance the HE upgrade schedule by 2 years. It is now understood [7] that the radiation damage 7 does not only depend on the total ionizing dose (TID), but also on the dose rate, because of chemical 8 e ects related to oxygen di usion. Higher dose rates result in less damage for the same TID. Since 9 the dose rate during scintillator material testing was necessarily much higher than at the LHC, the 10 incurred radiation damage to the detector has been larger than anticipated. The dependence of the 11 response of the detector can be modelled by an exponential decay,
where the decay constant D depends on the dose rate. Figure 1 shows the relative response of the Figure 2. The HCAL depth segmentation in the current (left) and upgraded (right) system. Light from layers that are depicted with the same color are optically added together before reaching the photosensors.
The Phase-I readout chain

12
The upgraded HB and HE detectors consist of three main components: the active scintillator 13 material, the on-detector or 'front-end' electronics, and the o -detector or 'back-end' electronics. 
21
The HE readout chain, shown schematically in figure 4, starts with the scintillation light from 22 the active material that is wavelength-shifted and then sent to the SiPMs via clear optical fibers.
23
The charge output from the SiPMs is then fed into the front-end readout cards, which each include upon receipt of a trigger accept signal. The HB readout chain is identical to the HE readout chain 1 except for adjustments related to the increased channel count per front-end readout card. SiPMs because the SiPMs are not sensitive to magnetic fields and are operated at a much lower 1 voltage of around 68 V compared to the roughly 8000 V that is needed for HPDs.
2
SiPMs also have several disadvantages compared to HPDs, in particular, the SiPM gain has a 3 temperature dependence of 2%/ C and a voltage sensitivity of 30%/V. However, these temperature 4 and voltage dependencies can be managed with careful detector design, as described below. The 14 To achieve a SiPM gain stability and accuracy to within 1%, the SiPM control electronics The Fermilab QIE11 ASIC integrates charge in 25 ns intervals and has a 17-bit dynamic range 6 with 8-bit readout. The dynamic range is extended with respect to the previous generation (QIE8),
7
which had a 14-bit dynamic range with 7-bit readout, in order to match the larger SiPM gain 8 compared to HPDs. The QIE11 achieves a ⇡1% resolution over the full dynamic range by using can range between 1 and 1/11.5, that makes it possible to tune the SiPM gain independently of the 13 photon detection e ciency and increase the dynamic range even further.
14
All QIE11 chips are thoroughly tested after packaging, but before they are mounted on the the final selection which includes uniformity requirements. As an illustration, figure 6 shows the 20 distribution of the QIE11 pedestal RMS and of the bin width of the third subrange in the first range.
21
Chips that pass all selection requirements are shown in purple, whereas orange signifies chips that 22 failed at least one component of the test suite.
23
The digitized data from all 12 (16) QIE11 chips on the HE (HB) front-end readout board is sent 
22
The upgraded HE front-end electronics were also subjected to radiation testing at the CHARM 
Summary
29
The CMS experiment at the LHC is upgrading the endcap and barrel sections of its hadron calorime-
30
ter with silicon photomultipliers. About 16 000 readout channels will be present after the upgrade, silicon photomultipliers which have a higher photon detection e ciency and much higher gain.
36
To read out the data from the new photosensors, all associated front-end electronics will also be 37 upgraded. The upgraded system will consist of readout modules housing the SiPMs, a calibration 38 unit, and a clock, control and monitoring module. The readout modules also contain the SiPM control electronics and the front-end readout cards, which feature the Fermilab QIE11 ASICs, the 
